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Carbon-based nanomaterials have important research significance in various disciplines, such as composite 
materials, nanoelectronic devices, biosensors, biological imaging, and drug delivery. Recently, the human and 
ecological risks associated with carbon-based nanomaterials have received increasing attention. However, the 
biosafety of carbon-based nanomaterials has not been investigated extensively. In this study, we used different 
types of carbon materials, namely, graphene oxide (GO), single-walled carbon nanotubes (SWCNTs), and mul- 
tiwalled carbon nanotubes (MWCNTs), as models to observe their distribution and oxidative damage in vivo. 
The results of Histopathological and ultrastructural examinations indicated that the liver and lungs were the main 
accumulation targets of these nanomaterials. SR-u-XRF analysis revealed that SWCNTs and MWCNTs might 
be present in the brain. This shows that the three types of carbon-based nanomaterials could cross the gas—blood 
barrier and eventually reach the liver tissue. In addition, SWCNTs and MWCNTs could cross the blood-brain 
barrier and accumulate in the cerebral cortex. The increase in ROS and MDA levels and the decrease in GSH, 
SOD, and CAT levels indicated that the three types of nanomaterials might cause oxidative stress in the liver. 
This suggests that direct instillation of these carbon-based nanomaterials into rats could induce ROS generation. 
In addition, iron (Fe) contaminants in these nanomaterials were a definite source of free radicals. However, 
these nanomaterials did not cause obvious damage to the rat brain tissue. The deposition of selenoprotein in 
the rat brain was found to be related to oxidative stress and Fe deficiency. This information may support the 


development of secure and reasonable applications of the studied carbon-based nanomaterials. 
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I. INTRODUCTION 


Nanotechnology has revolutionized everything from pro- 
duction to health. Currently, carbon-based nanomaterials 
have emerged as a global research hotspot [1-3]. Ideal car- 
bon nanotubes (CNTs) are a new type of nanomaterial that 
usually use a multilayer composite structure from a single 
layer to more than 100 layers. CNTs with one graphene layer 
and those with more than one layer are called single-walled 
carbon nanotubes (SWCNTs) and multiwalled carbon nan- 
otubes (MWCNTs), respectively. Owing to their excellent 
aspect ratios and electrical, mechanical, and physicochem- 
ical properties, they have been applied in various research 
fields, such as composite materials [4, 5], nanoelectronic de- 
vices [6], biological sensors [7], biological imaging [8, 9], 
and biomedicine [10, 11]. In addition, carbon-based nanoma- 
terials can be used as a new type of transport for a variety of 
peptides, proteins, plasmid DNAs, and SiRNA in the biomed- 
ical field [12, 13]. CNTs have demonstrated good modifi- 
ability, which has good application prospects in diagnosis, 
invisibility, targeting, and drug loading. Interestingly, it is 
worth mentioning that in 2013, the worldwide production of 
MWCNTs and SWCNTs was approximately 2000 tons and 6 
tons, respectively [14], which would be is expected to exceed 
20,000 tons (SWCNTs and MWCNTs combined ) in 2022. 
The increasing popularity and production of CNTs will in- 
evitably lead to contact between the environment and human 
body. Thus, the toxicity of carbon-based nanoparticles is a 
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notable challenge requiring further investigation. 

Although the toxicological mechanism of carbon-based 
nanomaterials remains unclear, oxidative stress is considered 
to be one of the main causes of their toxicological effects 
[15-17]. Itis characterized by excess reactive oxygen species 
(ROS) caused by a redox state imbalance [18]. Previous stud- 
ies have demonstrated that carbon-based nanomaterials cause 
significant damage to the liver, kidneys, and brain, which are 
sensitive to oxidative stress [19—22]. In addition, the instil- 
lation of carbon-based nanoparticles in rats could result in 
lung injury, accompanied by obvious inflammatory and fi- 
brotic features, which might be due to the accumulation of 
black foreign substances in the lungs. Wang et al. [23] 
demonstrated that SWCNTs accumulated in small doses in 
vascular endothelial cells and in the bone, stomach, and kid- 
ney for a long time in animals. Furthermore, it had been re- 
ported that MWCNTs could cross most of the biological bar- 
riers after tail vein administration, including the blood-brain 
barrier (BBB) [24, 25]. However, owing to the various expo- 
sure routes, there is no significant difference in the distribu- 
tion of carbon-based nanomaterials in the body [23], which is 
closely related to their transport capacity in the body [26]. In 
addition, several neurotoxicological mechanisms have been 
associated with cell homeostasis and trace elements [27—30], 
as well as free radical production [31]. The interaction be- 
tween nanomaterials and trace elements, particularly sele- 
nium (Se), which is known as an antioxidant, has an antago- 
nistic effect on nanomaterials [32]. Synchrotron micro-X-ray 
fluorescence (u-XRF) with a high spatial resolution is an ex- 
cellent technique for elemental spatial distribution [33, 34]. 
However, the mechanism underlying spatial distribution and 
cross-cellular transport of carbon-based nanomaterials in vivo 


remains unclear, especially regarding the cytotoxicity caused 
by the oxidative stress of carbon-based nanoparticles in vivo. 

In light of the above, in this study, Sprague-Dawley (SD) 
rats intratracheally instilled with different concentrations of 
graphene oxide (GO), SWCNTs, and MWCNTs were used as 
models to confirm the toxicity of carbon-based nanomateri- 
als including oxidative stress and its distribution. Its location 
in the tumor tissue was determined by histopathological, ul- 
trastructural, and SR-u-XRF examinations. We then focused 
on the oxidative stress and antioxidant status in the liver and 
brain. Furthermore, the major trace element spatial distribu- 
tion of calcium (Ca), iron (Fe), and Se in the rat brain was 
evaluated. These data support the development of secure and 
reasonable applications. 


II. MATERIALS AND METHODS 
A. The properties of carbon-based nanomaterials 


GO was prepared using the improved Hummer method 
[35, 36], and SWCNTs and MWCNTs were synthesized us- 
ing catalytic chemical vapor deposition technology[37]. All 
the carbon-based nanomaterials were obtained from the Insti- 
tute of Chemistry, Chinese Academy of Sciences. The char- 
acterization results are summarized in Table 1. After UV ir- 
radiation for 2 h, the carbon-based nanomaterials were sus- 
pended in normal saline to obtain concentrations of 50, 100, 
and 200 pg/mL. The suspension was ultrasonicated for 20 
min, with a break every 10 min before use. The morphology 
and structure of the samples were observed using transmis- 
sion electron microscopy (TEM, Hitachi-7650). 


Table 1. he characterization of carbon-based nanomaterials 


(3) SWCNT-treated group (GHI): The members of this 
group received SWCNTs (50, 100, and 200 ug/mL). 

(4) MWCNT-treated group (GIV): The members of this 
group received MWCNTs (50, 100, and 200 ug/mL). 

A suspension of 1.0 mL was instilled into the trachea of the 
rats using chloraldehyde hydrate as the anesthetic. The rats 
returned to their normal health within 30 days and were then 
euthanized. The lungs, liver, and brain were immediately col- 
lected and protected according to the determination require- 
ments. All operations were performed in accordance with the 
standards of the China-Japan Friendship Hospital and strictly 
in accordance with the principle of relieving pain in rats. 


C. Pathological and EM examination 


The lung and liver tissues of the rats were removed, washed 
with an aqueous phosphoric acid solution, and fixed with 10% 
neutral buffered formalin (Shanghai Guoyao Chemical Com- 
pany, China) for 2 days. The phosphate-buffered saline (PBS) 
washing method was used to dry in the presence of a certain 
amount of alcohol and wrapped in paraffin, and 5 microns 
were stained with hematoxylin—eosin (H&E). Finally, patho- 
logical changes in the lungs and liver were observed under a 
microscope (Leica Microsystems, Germany). 


D. Transmission electron microscopy (TEM) 


The liver blocks were fixed with 2.5% glutaraldehyde 
(Shanghai National Pharmaceutical and Chemical Company) 
for 4 h, washed with PBS thrice, and treated with 1% cerium 
oxide for 1 h. Then, according to standard practice, the liver 
samples were washed with PBS, dried in a certain proportion, 
and embedded in epoxy resin. An ultramictotome (UC6, Le- 


Samples and characterization ica), used to cut the samples, was mounted on copper grids, 


GO and diameter: <500 nm 


stained with uranyl acetate and lead citrate, and observed us- 


SWCNTs and purity: >90 wt.% carbon content and <10 wt.% Fe catalysing TEM (TEM, Hitachi-7650). 


iameter: 2 nm, length: 5-15um 


MWCNTs and purity: >95wt.% carbon content and <5 wt.% Fe catalyst, 


anddiameter: 10—20 nm, length: 5—15um 
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B. Animals and treatment 


Sixty normal male SD rats were purchased from the Ex- 
perimental Animal Research Center of the Chinese Academy 
of Sciences (Shanghai, China) and fed in two animal cages 
under a 12 h light/dark cycle. The cultural environment was 
as follows: the temperature was 23°C to 26°C, and the rela- 
tive humidity was 50% to 60%. A supply of pure water and 
sterilized food was available. 

The SD rats were randomly divided into 10 groups (n = 6). 

(1) Normal group (GI): The members of this group re- 
ceived normal saline. 

(2) GO-treated group (GII): Members of this group re- 
ceived GO (50, 100, and 200 pg/mL). 


liver and brain tissues 


Rat liver and brain tissues were homogenized in 50 
mM Tris-10 mM EDTA buffer (pH 7.4) and centrifuged 
at 13000xg at 4°C for 30 min. Indices of oxidative 
stress and antioxidant status, namely, superoxide dismu- 
tase (SOD), catalase (CAT), malondialdehyde (MDA), glu- 
tathione (GSH), lactate dehydrogenase (LDH), and ROS, 
were measured. The activities of SOD and CAT were mea- 
sured using SOD (Nanjing Jiancheng Bioengineering Insti- 
tute) and CAT assay kits (Beyotime Institute of Biotech- 
nology), respectively. The products of lipid peroxidation 
was analyzed using an MDA assay kit (Nanjing Jiancheng 
Bioengineering Institute). GSH levels were measured using 
the manufacturer’s protocols specified in the GSH assay kit 
(Nanjing Jiancheng Bioengineering Institute). LDH leakage, 
used to measure membrane damage, was determined using a 


commercial LDH kit (Beyotime Institute of Biotechnology, 
Jiangsu). Finally, ROS levels were determined using ROS 
reagent kits (Beyotime Institute of Biotechnology, China). 
All the testing procedures were performed according to the 
manufacturer’s instructions. A minimum of three trials were 
conducted each time. 


F. Synchrotron radiation-induced micro X-ray fluorescence 
analysis (SR ju-XRF) analyses 


The distributions of Ca, Fe, and Se in the brain sections 
were studied using u-XRF at BLI5U1 at the Shanghai Syn- 
chrotron Radiation Facility (SSRF)[27, 38]. In the storage 
ring, the energy of the electron beam was approximately 3.5 
GeV, and the beam current was approximately 200 mA. Dur- 
ing the experiment, the sample slice was placed on a sample 
holder in which the stepper motor driven by the microcom- 
puter moved in both X- and Y-directions. The distributions 
of Ca, Fe, and Se in the brain slices were continuously ob- 
served at steps of 30 um in both X- and Y-directions. Ten 
parallel scans on the brain samples were detected at a resolu- 
tion of 30 um x 30um from the edge to center, with an area 
of approximately 5.5 x 8.0 mm?. The emission energy was 
16.5 keV, and the collection speed was 1.0 s/step. Elemen- 
tal fluorescence intensities were normalized to the ionization 
chamber signals, which were collected simultaneously. The 
X-ray spectra were analyzed using IGORPRO6.10 (Waveg- 
uide Materials Co., Ltd.). 


G. Statistical Analysis 


All data were calculated as the mean +standard deviation. 
One-way ANOVA and Dunnett’s test were used to compare 
the groups. A significant difference was detected between the 
two groups (P > 0.05). 


HI. RESULTS 


A. Carbon-based nanomaterial characterization 


Fig. 1. Microphotograph of carbon-based nanomaterials. (A) GO; 
(B) SWCNTs; (C) MWCNTs. 


Fig. 2. The histopathological changes in rat lung (HE staining, 
magnification x 100, Scale bar = 100um). (A) GI group; (B) GIH 
group (100ug/mL); (C): GIN group (100ug/mL); (D): GIV group 
(100ug/mL); The green, red, blue and black arrows indicate in- 
flammatory cell infiltration, epithelial cell necrosis, hyperemia, and 
carbon-based materials, respectively. 


The morphology and structure of the carbon-based 
nanocrystals were determined using TEM, as shown in Fig. 
1. The GO particle size was approximately 400 nm, and clus- 
ters were easily formed. As shown in Figs. 1B and 1C, the 
SWCNT and MWCNT samples were easily entangled and 
difficult to separate using ultrasonic vibration. This result is 
consistent with previous reports [39, 40]. 


B. Pulmonary inflammatory cell infiltration 


The alveolar volume was normal, and there was no ob- 
vious pulmonary artery dilatation after normal saline treat- 
ment (Fig. 2A). Compared with the normal group (GI), more 
black foreign bodies appeared in the lungs of rats treated with 
carbon-based nanomaterials (GII, GII, and GIV), as shown 
in Figs. 2B—2D. Meanwhile, a large amount of inflammatory 
cell infiltration was observed in the lung tissue. A few black 
foreign bodies are observed in the alveolar ducts of the GII 
group, as shown in Fig. 2B. They are characterized by ir- 
regular sizes and sunken alveoli. However, significant black 
foreign bodies were still observed in the bronchi of patients in 
the GIII and GIV groups, as shown in Figs. 2C and 2D. In the 
alveolar cavity, there were neutrophils and some thickening 
in the alveolar cavity. These results show that carbon-based 
nanomaterials can induce inflammatory lung injury. 


C. Hepatic inflammatory cell infiltration 


The histopathological images showed an abnormal struc- 
ture in the liver tissues of rats after exposure to carbon-based 
nanomaterials as shown in Figs. 3A—3D. Compared with the 
GI group, irregular arrangements of liver tissue, changes in 
vacuoles in the cytoplasm, and congestion and exudation of 
the portal vein in the liver tissue were observed after SWCNT 
and MWCNT exposure. Exudation of inflammatory cells 
was observed in the lesion, accompanied by local calcifica- 
tion. However, no significant changes were observed in the 
GII group. In addition, the liver tissue was observed using 
TEM as shown in Figs. 4A—4D. After carbon-based nano- 


Fig. 3. The histopathological changes in liver tissues of rats (HE 
staining, magnification x 200, Scale bar = 50um). (A) GI group; 
(B) GII group (100ug/mL); (C): GII group (100ug/mL); (D): GIV 
group (100ug/mL); The green, yellow, and blue arrows indicate hep- 
atocytes, sinusoid capillary, and centrilobular veinule. The black 
boxes illustrate many hepatocytes arranged in the form of blades. 


Fig. 4. The ultrastructure changes in liver tissues of rats. (A) GI 
group; (B) GH group (100ug/mL); (C): GII group (100ug/mL); 
(D): GIV group (100ug/mL); The yellow arrows indicate black ma- 
terials. 


material exposure, we observed pathological changes such 
as nuclear pyknosis, mitochondrial swelling, and the loss 
of mitochondrial spines in the liver tissue of rats. Further 
studies revealed large numbers of small black substances in 
the mitochondrial cavity of rats in the GII group, while a 
large number of clusters of SWCNTs appeared in the mito- 
chondrial cavity of the GIII group, which also showed that 
there was considerable blackness in the rat mitochondria in 
the GIV group. The results indicated that in blood circula- 
tion, carbon-based nanoparticles with different morphologies 
could be transported from the lungs to the liver tissue. 


Although the liver histopathological examination revealed 
inflammatory damage and the presence of carbon-based ma- 
terials, more oxidative stress 1s needed to confirm this con- 
clusion. The oxidative stress levels in the livers of rats treated 
with carbon-based nanomaterials are shown in Figs. SA—5F. 
ROS acted as a key factor for the stability of the biological 
environment. However, this process is highly fragile ow- 
ing to the external stress. The results showed that ROS lev- 
els increased significantly after treatment with carbon-based 
nanomaterials and were related to the increase in their con- 
centration. Compared with the GI group, MDA levels were 
increased in the GII, GII, and GIV groups, and MDA was 
assessed to be a lipid substance that could affect oxidative 
stress. In addition, the SOD and CAT, as the activity of an- 


Fig. 5. Effects of carbon-based nanomaterials on LDH, SOD, MDA, 
GSH, ROS, and CAT in rat livers. Values are means + SD from at 
least three independent experiments (n = 5). * p < 0.03, compared 
with the control group. 


tioxidant enzyme, decreased after carbon-based nanomaterial 
exposure. The results also showed that the degree of expo- 
sure and oxidation of the carbon-based nanomaterials were 
concentration-dependent. Compared with the GI group, the 
GSH level after carbon-based nanomaterials exposure dis- 
played a reduction tendency, which exhibited the same trend 
as SOD and CAT. Furthermore, the results showed decreased 
generation of LDH in the GII, GII, and GIV groups com- 
pared with that in the GI group. These studies showed that 
carbon-based nanomaterials can cause inflammatory damage 
and oxidative stress in rat liver tissues. In our carbon-based 
nanomaterial samples, a large number of Fe ions entered the 
samples during the synthesis process and were difficult to re- 
move completely. 


D. Neural inflammatory cell infiltration 


To gain a deeper understanding of whether carbon-based 
nanomaterials caused damage to brain tissue through the 
blood system, the oxidative stress response and the spatial 
distribution of trace elements in the rat brain were determined 
using various methods. After exposure to carbon-based nano- 
materials, the oxidative pressure response in the rat brain was 
measured, as shown in Figs. 6A—6F. The results showed 
that MDA and ROS levels were slightly increased, and LDH, 
SOD, GSH, and CAT levels were decreased. In this study, we 
found that different concentrations of carbon-based nanoma- 
terials exerted some effect on oxidative damage to a certain 
extent; however, the degree of the effect was lower than that 
in normal rats. 

The spatial distributions of Ca, Fe, and Se trace elements in 
the rat brain after carbon-based nanomaterial treatment were 
detected using SR u-XRF as shown in Figs. 7—9. The shapes 
and structures of these elemental images correspond very well 
with those of the brain sections. The spatial distribution of 
Ca in the brain sections of all three groups was similar, as 
shown in Figs. 7A—7D, which was mostly rich in the cor- 
tex and slightly rich in other brain regions. No calcification 
was observed in the rat brain after carbon-based nanomate- 
rial exposure. The Fe element was most rich in the cortex 
of brain sections in the control group, as shown in Fig. 8A. 
However, the Fe content decreased significantly in the brain 
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Fig. 6. Effects of carbon-based nanomaterials on LDH, SOD, MDA, 
GSH, ROS, and CAT in rat brain. Values are means + SD from at 
least three independent experiments (n = 5). * p < 0.03, compared 
with the normal group. 


Fig. 7. The SR-XRF images of Ca distribution in the brain sec- 
tion. (A) GI group; (B) GII group (100ug/mL); (C): GII group 
(100ug/mL); (D): GIV group (100ug/mL) 


sections after carbon-based nanomaterial treatment, as shown 
in Figs. 8B—8D. Spots with high concentrations of Fe were 
observed in the groups exposed to SWCNTs and MWCNTs 
(Figs. 8C and 8D). The samples of SWCNTs and MWCNTs 
contained <10wt.% Fe catalyst and <Swt.% Fe catalyst, re- 
spectively. Therefore, the high concentration of Fe spots in 
the cortex may be due to SWCNTs and MWCNTs. Inter- 
estingly, the Se content increased significantly in the brain 
sections compared with the GI group, as shown in Fig. 9. 
Meanwhile, a larger amount of granular Se precipitation was 
observed in the brain sections after carbon-based nanomate- 
rial treatment (Figs. 9B—9D). In our results, oxidative stress 
in the rat brain after the carbon-based nanomaterial treatment 
might be caused by the entry of the trace element Fe and the 
precipitation of selenoprotein. 
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Fig. 8. The SR-XRF images of Fe distribution in the brain sec- 
tion. (A) GI group; (B) GII group (100ug/mL); (C): GIII group 
(100ug/mL); (D): GIV group (100ug/mL) 
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Fig. 9. The SR-XRF images of Se distribution in the brain sec- 
tion. (A) GI group; (B) GII group (100jug/mL); (C): GII group 
(100ug/mL); (D): GIV group (100 ug/mL) 


IV. DISCUSSION 


Carbon-based nanoparticles have important research value 
in integrated systems for tumor diagnosis and treatment be- 
cause of their unique physical and chemical properties [41, 
42]. In recent years, carbon-based nanoparticles have shown 
certain toxicological effects on the human body and environ- 
ment [43, 44]. However, there is no clear conclusion regard- 
ing the safety of carbon-based drug therapies [45, 46]. Prior 
studies have shown that high concentrations of SWCNTs and 
MWCNTs can cause an inflammatory response in the lung 
tissue, leading to lung tissue injury[47, 48]. Thus, with 
nanosafety considerations, three different types of carbon- 
based nanomaterials, namely, GO, SWCNTs, and MWCNTs, 
were used as research objects. Our group conducted an in 
vivo animal experiment in SD rats to confirm the enrichment 
and oxidative damage of the above carbon-based nanoparti- 
cles in the rat lung, liver, and brain tissues. 

Studies have found that the liver, kidney, lungs, and other 
organs may be important targets for the enrichment of CNTs, 
and their metabolites can be excreted through urine [49, 50]. 
Wang et al. [23] found that SWCNTs were present in vascular 
endothelial cells and in the bone, stomach, kidney, and other 
tissues. Warheit [51] and Lam [52] also studied lung injury 
induced by the respiratory tract injection of unpurified SWC- 
NTs. In this study, the histopathological and TEM results 
were sufficient to observe the presence of carbon-based nano- 
materials in the lungs and liver. The results showed that the 
substance was enriched in the lungs and could induce an in- 
flammatory response after pulmonary infection. In addition, 
small amounts of black foreign body materials were found 
in the rat liver, indicating that carbon-based nanomaterials in 
different forms can cross the gas—blood barrier and eventu- 
ally reach the liver tissue (Fig. 10). Carbon-based nanoma- 
terials can be transported with the blood from the lungs to 
the liver, which plays a key role in the removal of foreign 
substances. These results are consistent with the previous 
results[25, 53]. Compared with the liver tissue, there is a 
tight BBB in the brain tissue, which is an important barrier 
to prevent various soluble particulates from entering the brain 
tissue[54, 55]. The SR-u-XRF results indicated that SWC- 
NTs and MWCNTs may cross the BBB and accumulate in 
the cortex of the rat brain. This means that SWCNTs and 
MWCNTs can cross the BBB and enter the systemic circu- 
lation, which is consistent with previous results [24, 56]. In 


a study by Wang et al. [24], MWCNTs broke through most 
biological barriers, such as the BBB, after caudal vein admin- 
istration. CNT distribution in the human body differs signif- 
icantly for various exposure routes [23]. It has been specu- 
lated that their transport in the human body mainly depends 
on the activity of the blood and macrophages [26]. At the 
same time, inflammatory cell infiltration, nuclear pyknosis, 
mitochondrial swelling, and mitochondrial cristae loss were 
observed in rat liver tissues, and these changes were related 
to oxidative stress. 

Oxidative stress is a key factor in mediating inflammatory 
cell responses [57]. ROS, as a by-product of energy consump- 
tion, played a key role in maintaining homeostasis in the body 
[58]. These steady states are easily disrupted by external en- 
vironmental stresses. In our study, ROS levels were increased 
in the liver and brain. This indicates that the direct instil- 
lation of carbon-based nanomaterials into rats could induce 
ROS generation. In addition, the samples of SWCNTs and 
MWCNTs in this study contained less than 10 wt.% Fe cata- 
lyst and 5 wt.% Fe catalyst, respectively. Studies have shown 
that transition elements, as the main source of free radicals, 
have significant toxicological effects on micron particles in 
ultramicron particles [59]. High levels of ROS can cause seri- 
ous damage to fat, proteins, DNA, and other tissues in the hu- 
man body, resulting in heart diseases, neuropathy, and other 
diseases [15]. The experimental results showed that carbon- 
based nanomaterials reduced LDH levels and increased MDA 
levels in the liver and brain. This can damage the biological 
function of the cell membrane resulting from oxidative dam- 
age. GSH is an ubiquitous sulfhydryl-containing molecule in 
the cells affected by ROS [60]. Some cells may be damaged 
by the decrease in GSH levels in the liver after carbon-based 
nanomaterial exposure. In our study, the extra ROS may have 
induced a large amount of inflammatory cell infiltration in the 
rat liver tissue and increased mitochondrial volume and mito- 
chondrial vertebral loss. Meanwhile, the ROS could also be 
quickly eliminated by ROS-scavenging enzymes such as SOD 
and CAT. SOD converts superoxide anions into hydrogen per- 
oxide and molecular oxygen, and catalase can decomposes 
these anions into molecular oxygen and water [61, 62]. The 
activities of SOD and CAT decreased markedly in the pres- 
ence of carbon-based nanoparticles. Therefore, the extra ROS 
could be scavenged through antioxidants to maintain the bal- 
ance of ROS level in the body. In contrast, some researchers 
[63—65] discussed the safety of the substance and insisted that 
CNTs were harmless to the human body. In our study, MDA 
and ROS levels increased slightly in the rat brain after ex- 
posure, and the activities of GSH, CAT, and SOD decreased 
slightly, which was closely related to oxidative stress. Se is 
well known for its antioxidative capacity; most selenoprotein 
was in the brain and was mainly distributed in the olfactory 
bulb, cortex, hippocampus, and cerebellum [32]. Ingold et al. 
[66] reported that selenocysteine containing GPX4 protects 
neurons from oxidative stress and ferroptosis. In this study, 
we found that the deposition of selenoprotein in the rat brain 
is related to oxidative stress and Fe deficiency. 


Fig. 10. The schematic illustration of the possible pathway of the 
carbon-based nanomaterials in vivo. 


V. CONCLUSION 


Carbon-based nanomaterials play a critical role in compos- 
ite nanoelectronic devices, biosensors, biological imaging, 
and drug delivery. Recently, carbon-based nanomaterials had 
certain human and ecological risks, and thus, their application 
in medical treatment is still controversial. In this study, we 
intended to use different types of carbon-based nanomaterials 
(GO, SWCNTs, and MWCNTs) as models to observe their 
distribution and oxidative damage in vivo. Our histopatho- 
logical and ultrastructural studies indicated that the liver and 
lungs were the primary accumulation targets of these nano- 
materials. The SR-u-XRF analysis showed that SWCNTs and 
MWCNTs may also be present in the brain. This shows that 
the three different types of carbon nanoparticles could pass 
through the gas—blood barrier and eventually reach the liver 
tissue. Additionally, SWCNT and MWCNT can cross the 
BBB and accumulate in the cerebral cortex. The three types 
of carbon-based nanomaterials may cause oxidative stress in 
the liver with an increase in ROS and MDA levels along with 
a decrease in GSH, SOD, and CAT levels. This suggests that 
direct instillation of these carbon-based nanomaterials into 
rats could induce ROS generation. In addition, Fe contam- 
inants in carbon-based nanomaterials are a source of free rad- 
icals. However, carbon-based nanoparticles did not cause any 
discernible damage to the brain tissue of mice, which was 
similar to the damage to the brain tissue of rats. It has also 
been shown that the deposition of selenoprotein in the rat 
brain is related to oxidative stress and Fe deficiency. 
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